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Highlights
 Grapevine red blotch virus reduced °Brix and increased berry weight at harvest.
 Primary and secondary metabolites were affected in fruit skin/flesh and seeds.
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 Different responses were observed for amino acid contents in both tissues.
 Glucose, fructose and sucrose had variable responses in grape seeds.
 Prominent phenolic compounds were reduced in skin/pulp tissues of diseased vines.
Abstract
The grapevine red blotch disease (GRBD) was first noticed in 2008, impacting grape 
ripening. In general, GRBD reduces grape and wine quality resulting in significant 
economic losses. The purpose of the present study was to evaluate the effect of GRBD on 
agronomical parameters of ‘Cabernet Sauvignon’ vines at harvest. Using a metabolomics 
approach, the influence on primary and secondary metabolite profiling in skin+pulp/flesh 
and seeds were also determined. GRBD influenced °Brix and berry weight, as well as 
primary and secondary metabolites in both tissues. 1D 1H NMR was effective in 
quantifying the main primary and secondary metabolites affected by GRBD. RP-HPLC was 
similarly able to quantify the main phenolics affected. Multivariate analysis showed the 
influence of the virus on grape metabolites using both tools in two berry tissues. The 
effectiveness of both tools to describe sample variability was compared and the most 
affected metabolites in each tissue could be identified.
Keywords: Vitis vinifera L.; grapevine red blotch virus; ‘Cabernet Sauvignon’ grape; 1D 
1H NMR spectroscopy and RP-HPLC-DAD; metabolome; phenolic compounds; sugars, 
organic acids and amino acids. 
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Chemical compounds studied in this article
Fructose (PubChem CID: 2723872); Glucose (PubChem CID: 5793); Sucrose (PubChem 
CID: 5988); Malic acid (PubChem CID: 525); Tartaric acid (PubChem CID: 444305); 
Glutamine (PubChem CID: 5961); (-)-Epicatechin (PubChem CID: 72276); Delphinidin-3-
glucoside (PubChem CID: 443650); Malvidin-3-glucoside/or Oenin (PubChem CID: 
443652); Quercetin-3-glucoside (PubChem CID: 44259229).
1. Introduction 
Grapevine red blotch virus (GRBV) was identified in 2012 in California, USA 
associated with grapevine red blotch disease (GRBD). This disease has influenced the 
profitability of vineyards, reducing fruit quality and ripening, causing significant economic 
damage to wineries (Sudarshana, Perry, & Fuchs, 2015; Ricketts et al., 2017). The three-
cornered alfalfa hopper Spissistilus festinus (Hemiptera: Membracidae) has been identified 
as a vector responsible for transmission under greenhouse conditions (Bahder, Zalom, 
Jayanth, & Sudarshana, 2016). Infected vines are found throughout the United States, as 
well as in other countries such as Canada, Switzerland, Mexico, South Korea and most 
recently, Argentina (Girardello et al., 2019a; Luna, Debat, Moyano, Zavallo, Asurmendi, & 
Gomez-Talquenca, 2019). Plant viruses remain exclusively in the host symplast, and move 
from infection site to systemic tissues via symplastic continuity created by cell-to-cell 
connections, in order to colonize the host (Lemoine et al., 2013). Plants infected by viruses 
exhibit significant physiological alterations, such as changes in host primary metabolism, 
accumulation of starch and soluble sugars, decreased photosynthesis and increased 
respiration (Bahder, Zalom, Jayanth, & Sudarshana, 2016). GRBV can also disrupt normal 
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berry development and stress responses by altering transcription factors and hormone 
networks, resulting in the inhibition of ripening pathways affecting sugar concentration, 
phenolic and volatile compounds in whole grape berries and wines (Wallis, & Sudarshana, 
2016; Blanco-Ulate et al., 2017). In recent studies evaluating whole berries as well as skins 
and seeds individually, it has been shown that GRBD impacts primary metabolites in whole 
berries, by reducing total sugars, and by increasing total acidity (Girardello et al., 2019a). 
Additionally, these authors also showed that secondary metabolites such as phenolic 
compounds, were strongly impacted in all tissues. However, to our knowledge, no studies 
have utilized 1H NMR spectroscopy in conjunction with RP-HPLC to study the effects of 
GRBV on specific primary and secondary metabolites in different grape tissues, such as 
skins, pulp, and seeds.
For the metabolome studies, there are many analytical techniques used to describe 
metabolic profiles, such as gas chromatography-mass spectrometry (GC-MS), liquid 
chromatography-mass spectrometry (LC-MS), Fourier Transform Infrared (FTIR) and 
others, but 1H NMR spectroscopy is the most important technique for profiling studies 
(Fiehn, 2002; Pereira et al., 2006; Fotakis, Kokkotou, Zoumpoulakis, & Zervou, 2013). All 
these techniques can give promising hints, but NMR is still the magic gatekeeper (Fiehn, 
Kopka, Dörman, Altmann, Trethewey, & Willmitzer, 2000). Metabolomics analysis by 1H 
NMR spectroscopy is a powerful tool that enables the simultaneous determination of 
different metabolite groups, including sugars, organic acids, amino acids, polyphenols, 
vitamins and other compounds using both targeted and non-targeted approaches in a great 
variety of tissue samples (Pereira et al., 2006; Lloyd, Johnson, & Herderich, 2015). 
Phenolic compounds are difficult to identify by 1D 1H NMR spectroscopy due to the 
5
complexity of these large molecules, and although 2D NMR enables the elucidation of 
these complex structures, it is a time-consuming endeavor, requiring several hours per 
sample to obtain spectral data, and thus less preferred (Holmes, Wilson, & Lindon, 2019). 
Alternatively, HPLC is commonly used to analyze phenolics in grapes, seed oil and wines, 
with comparative ease in identifying and quantifying anthocyanins, flavonols, flavanols, 
and hydroxycinnamic acids (Oberholster, Carstens, & Du Toit, 2013; Padilha et al., 2017; 
Girardello et al., 2019a; Garrido-Bañuelos et al., 2019; Cecchi, Innocenti, Urciuoli, Arlorio, 
Paoli, & Mulinacci, 2019).
Metabolomics involves the comprehensive analysis of specific biological tissues, in 
terms of shifts in the concentration of metabolites in response to biotic and abiotic factors 
(Fiehn, 2002; Roullier-Gall, Boutegrabet, Gougeon, & Schmitt-Kopplin, 2014). These 
analyses are considered to be the quantitative measures of the dynamic multiparametric 
metabolic response of living systems to environmental and viruses stimuli, or genetic 
modification (Fiehn, Kopka, Dörman, Altmann, Trethewey, & Willmitzer, 2000; Roessner, 
Luedemann, Brust, Fiehn, Willmitzer, & Fernie, 2001; Blanco-Ulate et al., 2017; Holmes, 
Wilson, & Lindon, 2019).
The most important tissues linked to enological potential of grapes for winemaking 
are skin, pulp and seeds (Ribéreau-Gayon, Glories, Maujean, & Dubourdieu, 2006; 
Carbonneau et al., 2015). Primary metabolites are mainly found in the pulp, in the form of 
sugars, organic acids, and amino acids, while secondary metabolites, such as phenolic 
compounds, are mostly found in the skins and seeds (Keller, 2010; Cohen et al., 2012; 
Rienth et al., 2014).
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At harvest, primary and secondary metabolite concentrations can vary strongly 
according to biotic and abiotic factors, but very few studies have examined the impact of 
GRBV in grape tissue. Therefore, the purpose of this study was to evaluate the effects of 
GRBD on agronomical and physiological parameters of grapevines, and to evaluate 
primary and secondary metabolites in skin, flesh (or pulp) and seed tissues of ‘Cabernet 
Sauvignon’ grapes, using 1H NMR spectroscopy and reverse-phase (RP)-HPLC-DAD.
2. Materials and methods 
2.1. Agronomical parameters
The study was performed at the University of California Experimental Station in 
Oakville, Napa County, CA, USA (38°25’ N; 122°24’ W). ‘Cabernet Sauvignon’ vines 
were planted in 2012 using clone FPS 08 (Foundation Plant Services, UC Davis), grafted 
onto rootstock 110R, spacing 2.0 m × 2.4 m (vine × row) in Northeast-Southwest oriented 
rows.
The vineyard was composed of twelve rows, each containing twenty-five vines, and 
of these, plants were randomly selected per treatment (plants infected with GRBV: RB(+), 
n = 5; plants that tested negative for GRBV: RB(-), n = 5) from different parts of the plot to 
account for soil variability. The presence or absence of the virus was confirmed by qPCR 
analysis carried out on leaves sampled randomly from the vines after veraison, according to 
previous studies (Bahder, Zalom, Jayanth, & Sudarshana, 2016), by a diagnostic laboratory 
(AgriAnalysis LLC) (Supplementary data, Table S1). Vines were pruned on March 7, 
2018 and measures were taken at harvest date (October 16, or 223 days after pruning). 
Forty berries per vine were randomly collected from different parts of the clusters and 
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canopy at harvest (a total of 200 berries per treatment), kept on ice in a cooler until analysis 
of agronomical parameters (same day), or were transferred to a -80ºC freezer until 
metabolomics analyses were performed.
On the same day prior to harvest, stomatal conductance was measured to evaluate 
grapevine physiological status, in two leaves per vine (n = 10 leaves per treatment), and 
temperatures were recorded with a leaf porometer (METER Group, Inc., Pullman, WA, 
USA). Number of cluster/vine and cluster weights were recorded at harvest. Grapevines 
were pruned on February 19, 2019 to assess the number of shoots and shoot weight, and 
Ravaz index was calculated dividing yield by shoot weight (Carbonneau et al., 2015).
2.2. Chemicals and standards
Ethanol (96%, CAS Number 64-17-5), methanol (reagent grade), acetonitrile 
(HPLC grade), (+)-catechin hydrate (98%), (-)-epicatechin (90%), p-coumaric acid (98%), 
ferulic acid (99%), caffeic acid (98%), quercetin (95%), gallic acid monohydrate (99%), 
syringic acid (98%) and vanillic acid (97%) were purchased from Sigma Aldrich (St. Louis, 
MO, USA). Quercetin-3-rhamnoside (98.5%) and malvidin-3-O-glucoside (95%) were 
purchased from Extrasynthese (Genay, France). Phosphoric acid (88%) (HPLC grade) was 
purchased from Fisher Scientific (Pittsburgh, PA, USA). Deionized water was prepared in-
house to a final purity of 18.2MΩ·cm. D2O (99.9%) was purchased from Cambridge 
Isotope Laboratories, Inc. (Tewksbury, MA, USA). 3-(trimethylsilyl)-1-propanesulfonic 
acid-d6 (DSS-d6) was purchased from Chenomx (Edmonton, Alberta, Canada). NMR tubes 
were purchased from Bruker BioSpin (Billerica, MA, USA). Internal standard 2,2,3,3,4,4-
d6-3-(trimethylsilyl)-1-propane sulfonic acid (DSS-d6) and sodiumazide (NaN3) in D2O 
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was from Chenomx Inc. (Edmonton, Alberta, Canada). Sodium hydroxide and hydrochloric 
acid solutions were from Fisher Scientific (Fair Lawn, NJ, USA).
2.3. Sample preparation
2.3.1. Physicochemical analyses
From forty berries collected at harvest, twenty berries from each vine were used to 
determine, in the same day and before storage at -80ºC, pH, total soluble solids, total 
acidity and berry weight, using classical methodologies (Ribéreau-Gayon, Glories, 
Maujean, & Dubourdieu, 2006; Carbonneau et al., 2015; Girardello et al., 2019a). 
2.3.2. Metabolomics analysis
2.3.2.1. Berry tissue extractions
Ten berries per vine (biological replicate) per treatment were used for 
metabolomics. Berries stored at -80ºC were thawed, weighed and split in half with a scalpel 
to manually separate seeds from the skin and pulp for ethanolic extractions. Both tissues 
(skin+pulp, seeds) were weighed separately (seeds were counted) and then homogenized 
with ethanol 96% for three minutes using a T18 digital ULTRA-TURRAX® grinder (IKA® 
Works, Inc., Wilmington, NC, USA). Each type of ground tissue was placed into a plastic 
cooler at 10ºC for one hour using magnetic stirrers with an external control unit (2mag 
Magnetic Motion, Muenchen, Germany) (Pereira et al., 2006). Then, samples were 
centrifuged (1,792 g) for 10 min at 4°C and stored at -80ºC until metabolomics analysis by 
1D 1H NMR spectroscopy and RP-HPLC-DAD.
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2.3.2.2. Determination of primary and secondary metabolites through 1H NMR 
spectroscopy
From the ethanolic extracts, one mL of both tissues (skins+pulp, seeds) was dried 
under vacuum for 24 hours at room temperature (20±2 ºC). Then, samples were suspended 
in 1 mL of D2O and dried again under vacuum for 24 hours, to remove/reduce ethanol and 
water signals (Pereira et al., 2006). Dried samples were dissolved in 1 mL of 10 mM 
potassium phosphate buffer (pH 6.8±0.1), vortexed briefly, centrifuged (14,000 g, 4ºC, 5 
min), and the resulting supernatant was collected. An aliquot of 585 µL of the supernatant 
was placed in a new 1.5 mL microcentrifuge tube, and 65 µL of internal standard 
containing 5 mM 3-(trimethylsilyl)-1-propanesulfonic acid-d6 (DSS-d6) was added (Zhang, 
Breksa, Mishchuk, Fake, O’Mahony, & Slupsky, 2012; Kortesniemi et al., 2016). The pH 
of the samples was adjusted to 6.8±0.1, with small amounts of 1 N NaOH or HCl and six 
hundred µL of the subsequent mixture was transferred to 5 mm NMR tubes, and stored at 
4ºC until 1H NMR data acquisition (within 24 h of sample preparation) (Chin, Mishchuk, 
Breksa, & Slupsky,  2014). The 1H NMR spectra of the aqueous samples of skins + pulp 
and seeds were acquired at 298 K on a Bruker 600 MHz NMR spectrometer (Bruker 
BioSpin AG, Fällanden, Switzerland) equipped with a TCI cryoprobe and a SampleJet 
using the noesypr1d pulse programs. Spectra were processed for metabolite identification 
and quantification using the Chenomx Inc. NMR Suite Processor version 8.3 (Edmonton, 
AB, Canada). Detailed parameters were described in a previous study (Zhang, Breksa, 
Mishchuk, Fake, O’Mahony, & Slupsky, 2012; Kortesniemi et al., 2016). Each spectrum 
was acquired in approximately 10 min.
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2.3.2.3. Determination of secondary metabolites using RP-HPLC-DAD analysis
From the ethanolic extracts of skins+pulp and seeds, 1 mL of each was centrifuged 
(10,000 g, 4ºC, 5 min), and the resulting supernatant was placed in vials for phenolic 
profile determination by RP-HPLC-DAD (Oberholster, Carstens, & Du Toit, 2013; 
Girardello et al., 2019a). Four wavelengths were analyzed in the same run: at 280 nm, to 
determine flavanols, 320 nm for hydroxycinnamic acids, 360 nm for flavonols and 520 nm 
for anthocyanins (Girardello et al., 2019a). Samples were analyzed by RP-HPLC using an 
Agilent 1260 Infinity equipped with a PLRP-S 100A 3μM 150x4.6 mm column (Agilent 
Technologies, Santa Clara, CA, USA) at 35°C, an auto sampler with temperature control at 
8°C and a diode array detector. Two mobile phases were used: mobile phase A (water 
containing 1.5% phosphoric acid v/v) and mobile phase B (80% acetonitrile and 20% 
mobile phase A). Twenty μl of sample was injected into the mobile phase at a flow rate set 
at 1 ml/min, and a gradient for separation was used as described in Oberholster, Carstens, & 
Du Toit (2013). Each chromatogram was acquired in approximately 90 min, and peaks 
were identified and quantified using ChemStation software (B.04.03, 2011).
2.4. Statistical analysis
All results acquired from agronomical, physiological, physicochemical, NMR and 
HPLC data were tested using analysis of variance and the two means of each variable 
[RB(+) and RB(-)] were compared using a t-test. Normality of data was tested using the 
Shapiro-Wilk test. Principal component analysis (PCA) was made separately on 1D 1H 
NMR spectroscopy data and RP-HPLC-DAD data, after centering and scaling, for 
measurements in skin+pulp and seed, and the two main principal components were plotted, 
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in order to graphically evaluate the effect of the GRBV. The significance of the virus effect 
was tested with a multi-way analysis of variance (MANOVA) on the principal components. 
All statistical analysis was made using R (R Core Team, 2020). For 1H NMR data, the 
chemical shifts and metabolite identifications were assigned with literature, and the 
Chenomx Inc. databases (Chin, Mishchuk, Breksa, & Slupsky, 2014; Kortesniemi et al., 
2016). 
3. Results and discussion
3.1. Agronomical parameters
Agronomical parameters of vine leaves, grapes, clusters, and shoots from two 
treatments at harvest (RB(+) and RB(-)) are shown in Table 1. No differences were 
observed for stomatal conductance, in contrast with previous studies which showed 
significant differences between RB(+) and RB(-) during grapevine development in a 25 
years-old vineyard (Martínez-Lüscher et al., 2019). These conflicting findings may be 
attributed to variation in vine age and climate between the current and previous study, as 
phenology and physiological responses in vines, as well as grape and wine composition, are 
heavily influenced by weather conditions (Rodriguez-Lovelle, & Gaudillère, 2002; Pereira 
et al., 2006; Keller, 2010; Carbonneau et al., 2015). Another study also showed small 
differences in the stomatal conductance of vines affected by GRBD, but not at harvest 
(Reynard et al., 2018). However, there was a trend of decreased stomatal conductance in 
RB(+) vines in the current study, but due to large variation among biological replicates it 
was not significant. 
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Significant differences between treatments were observed for total soluble sugars 
(°Brix) and berry weight, with a lower sugar content measured in berries from RB(+) vines 
(22.2 °Brix) compared to berries from RB(-) vines (25.6 °Brix), corresponding to a 13% 
reduction in sugar content at harvest. These results confirm previous studies that showed 
GRBV reduced sugar content by 2% and 20% for ‘Chardonnay’ and ‘Cabernet Sauvignon’ 
grape varieties, respectively, which is attributed to a delay in the normal ripening process of 
grapes that results in reduced sugars accumulating in berries from infected grapevines 
(Girardello et al., 2019a and b). Blanco-Ulate et al. (2017) showed that GRBV disrupts 
normal berry development and stress responses by altering transcription factors and 
hormone networks, resulting in the inhibition of ripening pathways. Higher berry weight at 
harvest in grapes obtained from RB(+) vines compared to RB(-) vines (21.3 vs. 18.4 g per 
20 berries-1) was observed, representing an increase of 10.5% in fresh weight, and is in 
agreement with our previous study, which showed a trend toward higher berry weights in 
positive vines (Girardello et al., 2019a). The larger berries in RB(+) grapes when compared 
to RB(−) grapes is possible due to a poor fruit set as a result of the GRBV infection, which 
decreased the competition among berries in the clusters and the reallocation of substrates 
such as water (Girardello et al., 2019b). No significant differences were found for pH, total 
acidity, number and weight of clusters/vine, number and weight of shoots/vine as well as 
Ravaz Index (Table 1). This contrasts with a study conducted by Girardello et al. (2019a), 
which found significant differences in pH and total acidity. These conflicting results may 
be explained by differences in site location, vine age, climate and other agronomical factors 
involved in vine management (Keller, 2010; Carbonneau et al., 2015). 
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3.2 Primary and secondary metabolites determined by 1D 1H NMR spectroscopy and RP-
HPLC-DAD
A metabolomics approach was taken to evaluate the influence of GRBV on primary 
and secondary metabolite composition in skin+pulp and seeds from ‘Cabernet Sauvignon’ 
grapes sampled at harvest using 1H NMR spectroscopy and RP-HPLC-DAD. Principal 
components analysis (PCA) identified key metabolites driving differences between vines 
affected by the virus and healthy controls. Furthermore, PCA was used to evaluate the 
effectiveness of each metabolomics approach in distinguishing infected from healthy 
plants. 
3.2.1. Metabolite profiling of skins+pulp using 1D 1H NMR spectroscopy
Twenty primary and secondary metabolites were identified and quantified in the 
skins+pulp of ‘Cabernet Sauvignon’ grapes at harvest, including sugars, organic acids, 
carboxylic acids and amino acids, phenolics, and one vitamin (Table 2, and 
Supplementary data, Figure S1). Significant differences were observed for all classes of 
primary and secondary metabolites, except for choline. Concentrations of the 
monosaccharides glucose and fructose, as well as the disaccharide sucrose, were higher in 
healthy vines compared to diseased vines (+9.7% for fructose, +14.7% for glucose, +23% 
for sucrose). These results confirm differences found in sugar content of grapes from 
healthy and diseased vines, unlike previous studies which did not specify the sugars 
impacted (Girardello et al., 2019a and b). As showed by Blanco-Ulate et al. (2017), GRBV 
altered transcription factors and hormone networks, which resulted in the inhibition of 
ripening pathways involved in sugar, phenolic and flavor compounds. Davies and Robinson 
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(1996) showed that vacuolar invertases are involved in hexose accumulation in grape 
berries, and the expression of the genes and the synthesis of the enzymes precede the onset 
of hexose accumulation. These results suggest that genes involved in sugar accumulation 
pathways are affected by GRBV, reducing the content of glucose, fructose, and sucrose. 
Although no differences were found for titratable acidity in whole berries, 
significant differences in organic acids were observed in skin+pulp tissues (Table 2). Malic 
acid was 69% higher in skin+pulp of diseased vines-RB(+) as compared to healthy vines-
RB(-) (631.2 vs. 373.6 mg Kg-1 of skin+pulp fresh weight), while tartaric acid was 107% 
higher in RB(-) as compared to RB(+) (446.8 vs. 215.9 mg Kg-1 of skin+pulp fresh weight) 
skin+pulp. These results confirm findings of previous studies from Switzerland with 
‘Gamay’ variety, where malic acid was 56% higher and tartaric acid also lower in RB(+) 
grapes (Reynard et al., 2018). Our results suggest different responses for tartaric acid and 
malic acid accumulation in grape berries affected by GRBV. Malic acid is undesirable in 
wine, potentially contributing to microbiological instability of wines, but is typically 
reduced during the grape maturation process, or by malolactic fermentation (Ribéreau-
Gayon, Glories, Maujean, & Dubourdieu, 2006; Carbonneau et al., 2015). The increased 
malic acid in berries from RB(+) vines, suggests that grape maturation is delayed when the 
virus is present, a finding that is supported by previous works (Girardello et al., 2019a and 
b). Formic acid is present in small amounts in grapes and was also present in higher 
concentration in skin+pulp of RB(+) grapes compared to RB(-) grapes (1.7 vs. 1.3 mg Kg-1 
of skin+pulp fresh weight) (Ribéreau-Gayon, Glories, Maujean, & Dubourdieu., 2006). 
Lijavetzky et al. (2012) showed by transcriptome profiling that berry ripening and organic 
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acid composition had differential regulation in pulp and skin, thus differences can be due to 
the impact of the GRBV on the gene expression in healthy and diseased vines. 
According to the amino acids profiles in skin+pulp, the concentrations of alanine, 
arginine, and threonine were significantly higher (67%, 21% and 23%, respectively) in 
RB(+) grapes compared to RB(-). Proline was the most prominent amino acid quantified, 
but no significant differences were observed between treatments (Table 2). Previous 
studies showed that GRBD alters the concentrations of isoleucine, lysine, proline, trans-4-
hydroxyproline, and valine in ‘Cabernet Sauvignon’ berries (Girardello et al., 2019a). 
However, these authors did not observe significant differences in alanine, arginine, and 
threonine, possibly because amino acid content in grapes and wines can vary according to 
site location, vintage and vine management (Rodrighez-Lovelle and Gaudillère, 2002). Lee 
and Schreiner (2010) found that reducing the N supply alters the concentration of some 
amino acids, including arginine, which is a major storage pool in grape berries. In the 
current study, arginine was higher in RB(+) skin/pulp, confirming that N content in 
diseased vines was also higher as compared to RB(-) (Table 2). According to Rodrighez-
Lovelle and Gaudillère (2002), arginine, proline, glutamine, alanine, and γ-aminobutyric 
acid (GABA) are the primary amino acids found in grape berries, and these accumulate 
through different pathways. These authors also cited that nutrition changes comparative 
sink strength of different grapevine organs, and thus resource distribution between 
vegetative and reproductive growth centers. We can suggest that GRBV caused changes in 
the amino acid profile of ‘Cabernet Sauvignon’ grapes, possibly by changing pathways for 
N accumulation in skins and pulp/flesh. Alanine, threonine, glutamine, and asparagine are 
produced through glycolysis and TCA cycle, which uses sugars as substrate. RB(+) 
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skins+pulp presented higher amounts of amino acids, potentially impacting sugar 
concentrations in grapes affected by GRBD, indicating that glycolysis was oriented to 
produce more amino acids to help counter-attack the viral infection (Sudarshana, Perry, & 
Fuchs, 2015; Girardello et al., 2019a).
According to Table 2, only the phenol monomer (-)-epicatechin content was 
significantly different in skin+pulp of healthy vines-RB(-), 64% higher when compared to 
RB(+) (1.8 vs. 1.1 mg Kg-1 of skin+pulp fresh weight). These results are different as 
compared to previous study, where the authors did not find differences between (-)-
epicatechin in RB(+) and RB(-) ‘Cabernet Sauvignon’ grape skins, maybe due to the 
influence of the site location, vine age, climate and other agronomical factors (Carbonneau 
et al., 2015; Girardello et al., 2019a). Despite the difficulty in identifying and quantifying 
phenolic compounds using 1D 1H NMR spectroscopy (Holmes, Wilson, & Lindon, 2019), 
signals of (-)-epicatechin were found and confirmed in the spectra collected for this study. 
Flavan-3-ols concentration was significantly impacted because phenyl propanoid pathway 
responsible for grape phenolic synthesize was influenced by GRBV (Blanco-Ulate et al., 
2017).
3.2.2. Metabolite profiling of seeds using 1D 1H NMR spectroscopy
Twenty-three metabolites were identified and quantified in grape seeds harvested 
from RB(+) and RB(-) grapevines, belonging to the same group as described for skins+pulp 
(Table 3, Supplementary Figure S2). Large significant differences were found for all 
compound groups, with specific variations between diseased or healthy vines. The sugars 
(glucose, fructose) were higher in RB(-) vines, while sucrose content was greater in grape 
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seeds harvested from RB(+) grapevines. This was an interesting and surprising result, as 
higher amounts of all sugars were expected as seen in skin+pulp of RB(-) vines. There were 
30% more fructose and 36% more glucose in RB(-) seeds compared to RB(+) seeds, 
whereas there was 25% more sucrose in seeds from RB(+). This is the first time that sugar 
compositional differences due to GRBV in grape seeds have been reported. Coombe (1992) 
reported that sucrose movement out of phloem into the apoplastic space may be stimulated 
by increased invertase activity, which maintains a downhill gradient. The author suggests 
that although soluble invertases are important for the accumulation of hexoses in the 
vacuole, their synthesis does not trigger the accumulation of sugars, therefore implicating 
other mechanisms involved in regulating this process. Sucrose moves from the phloem to 
the vacuole where it is cleaved by vacuolar invertase to fructose and glucose (Lemoine et 
al., 2013). Phloem transport of sugar is a tightly regulated process and is very sensitive to 
alterations in the plant environment, altering how carbon is allocated to each plant sink 
(Lemoine et al., 2013). Linking these observations to our current study, GRBV may 
potentially influence invertase accumulation as sucrose content was higher in the seeds 
from diseased vines, however this was not observed for skin+pulp samples. This suggests 
other mechanisms regulate sugar accumulation in seeds, affected by abiotic factors on 
phloem transport and dealing with all components from source to sink (Lemoine et al., 
2013). 
Contrasting the findings on organic acids in skin+pulp, malic acid content was 56% 
higher in RB(+) seeds compared to seeds from healthy vines (715.0 vs. 459.2 mg Kg -1 of 
seeds fresh weight, respectively), and no differences in tartaric acid were observed (Table 
3). Carboxylic acids are present in small quantities in grapes and only have a small 
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influence on grape acidity. Formic acid was 108% higher in RB(-) seeds (24.1 vs. 11.6 mg 
Kg-1 of seeds fresh weight), while succinic acid was 60% higher in RB(+) seeds compared 
to RB(-) seeds (20.1 vs. 13.2 mg Kg-1 of seeds fresh weight, respectively) (Carbonneau et 
al., 2015).
In seeds, three amino acids were significantly different between RB(+) and RB(-), 
including glutamine, which was 72% higher in seeds from healthy vines, while isoleucine 
and tyrosine were 63% and 87% higher in diseased vines, respectively (Table 3). 
Glutamine is a marker of N accumulation in the phloem sap and varies according to O2 
diffusion, and also is involved in the downregulation metabolism of nitrogenase activity 
(Neo and Layzell, 1997). In the current study, significant differences in stomatal 
conductance between groups was not observed (Table 1) and GRBV did not influence O2 
diffusion. Girardello et al (2019a) also showed that isoleucine concentrations increase in 
grape berries from RB(+) vines, but the authors did not detect differences in the amino acid 
tyrosine. These results also suggest different pathways of formation for amino acid 
accumulation in seeds, affected by GRBV and N pathways (Rodriguez-Lovelle and 
Gaudillère, 2002; Lee and Schreiner, 2010).
The monomeric phenol (-)-epicatechin was significantly higher (38%) in seeds of 
healthy vines when compared to diseased vines (292.7 vs. 211.2 mg Kg-1 of seeds fresh 
weight, respectively). GRBV influenced secondary metabolites in seeds, with phenolic 
compounds present in lower amounts as seen in previous studies, suggesting that phenyl 
propanoid pathway in seeds was also affected by GRBV (Blanco-Ulate et al., 2017; 
Giradello et al., 2019a; Martínez-Lüscher et al., 2019).
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The concentration of choline was significantly higher (33%) in RB(+) seeds (31.2 
vs. 23.4 mg Kg -1 of seeds fresh weight) (Table 3). Previous research has demonstrated the 
importance of choline in discriminating between wines based on variety (Son et al., 2010). 
These authors cited choline as an organic compound classified as a water-soluble essential 
nutrient, and also a dietary precursor of glycinebetaine, a metabolite used to reduce plasma 
homocysteine, an independent risk factor of coronary, cerebral and peripheral arterial 
occlusive disease in humans. 
3.2.3. Metabolite profiling of skin+pulp using RP-HPLC-DAD 
In the present study, twenty-six secondary metabolites were quantified in 
skins+pulp of ‘Cabernet Sauvignon’ grapes, from four different phenolic classes (flavan-3-
ols, hydroxycinnamic acid, flavon-3-ols and anthocyanins).
In the skin+pulp of grapes from diseased-RB(+) and healthy-RB(-) vines at harvest, 
four flavan-3-ols, one hydroxycinnamic acid, six flavon-3-ols, among them four identified 
and two unknown, and thirteen anthocyanins, as well as polymeric phenols and polymeric 
pigments, were quantified and results are shown in Table 4, and Supplementary data, 
Figures S3 and S4. Except for the hydroxycinnamic acid (caftaric acid), strong significant 
differences were observed for all other three classes of secondary metabolites. All the 
phenolic compounds determined in skin+pulp presented higher amounts in RB(-) samples, 
confirming that GRBV significantly impact the phenyl propanoid pathway responsible for 
grape phenolic synthesize (Blanco-Ulate et al., 2017). For flavan-3-ols, the most important 
metabolites are catechin (7.4, versus 2.8 mg Kg-1 of skin+pulp fresh weight) and 
epicatechin (24.5, vs. 19.7 mg Kg-1 of skin+pulp fresh weight), were 158% and 24% higher 
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in RB(-) as compared to RB(+) skins+pulp, respectively. Previous studies showed very 
small differences between RB(+) and RB(-) grapes in flavan-3-ols content (Girardello et 
al., 2019a). RP-HPLC-DAD was able to show that the flavan-3-ol concentrations were 
significantly impacted by GRBV, influencing the phenyl propanoid pathway responsible 
for grape phenolic synthesize.
Regarding the flavonol group, the most prevalent one was quercetin-3-glucoside, 
with significantly higher (38%) amounts in skin+pulp from healthy vines as compared to 
diseased vines (18.4 vs. 13.3 mg Kg-1 of skin+pulp fresh weight) (Table 4). The rest of the 
flavonols were not significantly different, but there was a trend for higher amounts of all 
compounds in healthy vines as compared to diseased vines confirming previous findings 
(Girardello et al., 2019a). In the current study, berry weight from diseased vines were 
higher than berries from healthy vines (Table 1), which could partly explain decreased 
phenolic concentrations compared to healthy smaller berries. Viral diseases could reduce 
grapevine vigor and its normal growth, and GRBV in particular resulted in decreased 
pruning weight in ‘Cabernet Sauvignon’ and shoot length (Girardello et al., 2019a). In the 
present study, no differences were observed for number of shoots, shoot weight, yield and 
Ravaz Index, showing that virus did not affect vine development and suggesting it was 
potentially newly infected late in the season (Table 1). Symptoms in the grapevines were 
visible approximately three-four weeks before harvests. Two flavonol compounds 
presented important concentrations in skins+pulp and were named unknown 1 and 2, but no 
significant differences were found. Unknown 2 was also present in the highest 
concentration. Further study is needed to be made to identify and quantify these unknown 
flavonols in skins+pulp.
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All anthocyanin forms, except delphinidin and peonidin-p-coumaroyl, were present 
in significantly higher amounts in RB(-) compared to RB(+) skins+pulp (Table 4). This 
study consistently showed that GRBV strongly reduced monomeric anthocyanins in 
skin+pulp of ‘Cabernet Sauvignon’ grapes. The larger berries from diseased vines 
influenced the lower concentration of anthocyanins in skins+pulp tissues, as well as 
differences in synthesize/metabolomics caused by GRBV, promoting higher concentrations 
in smaller healthy berries (Ribéreau-Gayon, Glories, Maujean, & Dubourdieu, 2006; 
Carbonneau et al., 2015). According to previous studies, greater differences were found for 
individual phenolics in whole berries of ‘Cabernet Sauvignon’ grapes, but less significant 
differences in skins (Girardello et al., 2019a). Vega, Gutiérrez, Pena-Neira, Cramer, & 
Arce-Johnson (2011) described a reduction in transcript accumulation for sugar and 
anthocyanin metabolism during fruit development, with a dramatic reduction of 
anthocyanin biosynthesis in berries from grapevines infected with leafroll-associated virus-
3 (GLRaV-3). Blanco-Ulate et al. (2017) showed that GRBV altered transcription factors 
and hormone networks, which resulted in the inhibition of ripening pathways involved in 
phenolic compounds, resulting in delayed anthocyanin synthesize. Martínez-Lüscher et al. 
(2019) showed that only acetyl acylated forms of anthocyanins were significant lower in 
skins of grapes from RB(+) vines grafted onto two rootstocks. Grape variability and 
seasonal changes may explain differences between results obtained in the current and 
previous studies, and further study is needed to better understand the effects of GRBD on 
different grape tissues. 
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3.2.4. Metabolite profiling of seeds using RP-HPLC-DAD 
Regarding phenolic composition in the seed extracts, only six flavan-3-ols were 
quantified. From diseased-RB(+) and healthy-RB(-) grapes, significant differences were 
observed only for procyanidin dimer B2, which was 60% higher in seeds of RB(+) (Table 
5, and Supplementary data, Figure S5). There was also a trend of higher concentrations 
of other flavan-3-ols in RB(+) seeds, such as procyanidin dimer B1, epicatechin gallate, 
and polymeric phenols, but results were not significantly different. A previous study 
showed that procyanidin dimer B2 was the main procyanidin quantified in grape seeds and 
skins (Freitas, Glories, & Monique, 2000). Similarly, Martínez-Lüscher et al. (2019) found 
that total procyanidins were higher in RB(+) grapes of ‘Cabernet Sauvignon’, but no 
information was provided about the individual flavan-3-ols. Girardello et al. (2019a) also 
showed small differences in procyanidin content of ‘Cabernet Sauvignon’ grape seeds, with 
higher concentration for RB(+) seeds as compared to RB(-) seeds, which varied depending 
on site location, and vintage. In the current research, some unknown flavan-3-ols were 
found and quantified in catechin units. Further study using tools such as LC-MS or 2D 
NMR spectroscopy is needed to better describe phenolic compounds in grape seeds 
(Holmes, Wilson, & Lindon, 2019). New compounds are being identified in grape seeds 
and can have an important influence on phenolic composition of grapes and wines (Ma, 
Waffo-Téguo, Jourdes, Li, & Teissedre, 2018). These authors revealed the presence of 
epicatechin-3-O-vanillate in grape seeds and red wine for the first time.
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3.3. Multivariate statistical analysis 
Principal component analysis (PCA) was applied on primary and secondary 
metabolites data obtained from skin+pulp and seed tissues by 1D 1H NMR spectroscopy 
and RP-HPLC-DAD separately (Figure 1), to evaluate which group of metabolites were 
most influenced by GRBD in different tissues of ‘Cabernet Sauvignon’ grape berries. 
Figure 1 shows four PCA’s from results obtained by 1H NMR spectroscopy and 
RP-HPLC-DAD of skins+pulp and seed tissues of grapes at harvest, from RB(+) and RB(-) 
vines. PCA applied on primary and secondary metabolites determined by 1D 1H NMR 
spectroscopy of skins+pulp was able to separate samples between RB(+) and RB(-), and 
PC1 x PC2 explained 64.76% of the total variability, with only PC1 explaining 45.49% 
(Figure 1A). On the right and positive side of PC1 RB(+) samples are located, and the 
metabolites characterizing these samples were isoleucine, GABA, valine, threonine, 
alanine, leucine, proline, malic acid and formic acid. On the left and negative side of PC1, 
RB(-) samples are located, separated by the metabolites epicatechin, glucose, sucrose, 
tartaric acid and fructose. It is interesting to note that RB(+) samples of skin+pulp were 
separated based mostly on amino acid content (primary metabolites), while RB(-) samples 
were separated based on phenolics (secondary metabolites) and sugars (primary 
metabolites). Previous study showed that RB(-) and RB(+) berries can be distinguished 
from each other based on amino acid, sugar, lipid, oligosaccharide and polyol content 
(Girardello et al., 2019a). These results support the general observation that N content is 
inversely proportional to the phenolic content in grapes (Carbonneau et al., 2015; Keller, 
2010). 
24
Figure 1B shows the PCA results of primary and secondary seed metabolites 
determined by 1D 1H NMR. PC1 x PC2 explained 59.3% of the variance, which is 5.46% 
less than the PCA of skin+pulp. PC1 explained 38.78% of the total variability and 
separated RB(+) from RB(-) samples. RB(+) samples are located on the positive side of the 
PC1, and the most important metabolites were choline, isoleucine, tyrosine and alanine, 
while on the negative side of PC1 are the RB(-) samples, which were strongly correlated 
with the metabolites glucose, fructose and epicatechin. Similar to skin+pulp 1H NMR data, 
RB(+) seed samples were mostly correlated with the primary metabolite amino acids, while 
RB(-) seed samples were correlated with both secondary and primary metabolites (sugars 
and phenolics).  
Figure 1C shows results obtained with PCA applied on RP-HPLC-DAD data of 
skin+pulp. PC1 mostly separated RB(+) from RB(-) samples, explaining 64.67% of the 
variance, while PC1 x PC2 explained 77.55%. The RB(+) samples are located on the 
positive side of PC1 and correlated with malvidin-3-p-coumaroylglucoside and caftaric 
acid, while on the negative side, the RB(-) samples correlated with  peonidin-3-
acetylglucoside, delphinidin-3-p-coumaroylglucoside, petunidin-3-acetylglucoside, 
delphinidin-3-acetylglucoside, peonidin-3-glucoside, petunidin-3-glucoside and malvidin-
3-glucoside. It is interesting to note that, for PCA, the acetyl and p-coumaroyl acylated 
forms of the anthocyanins were able to discriminate between RB(+) and RB(-) samples 
more than the non-acetylated forms, even with higher concentrations of the latter. PCA 
takes into account the matrix of correlation from all metabolites together after 
normalization, which explains why the metabolite with highest concentration, the 
anthocyanin malvidin-3-glucoside (Table 4), was not the first metabolite to separate 
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between RB(+) and RB(-) (Gallo et al., 2014; Holmes, Wilson, & Lindon, 2019). The 
metabolites with the highest and the lowest concentrations have the same equal weighting 
for the PCA.
PCA of the seed metabolites determined by RP-HPLC-DAD are shown in Figure 
1D. Unlike the previous PCA’s, PC1 did not show a clear separation between RB(+) and 
RB(-) samples, although it explained 62.10% of the variance. PC1 and PC2 together 
explained 87.70% of the total variability. PC2 explained 25.60% of the variability and 
separated the samples based on RB status. The RB(+) samples were correlated with 
procyanidin dimer B2 and epicatechin gallate, while the RB(-) samples were correlated 
with (+)-catechin and (-)-epicatechin. These results can be confirmed in Table 5, showing 
significant differences between RB(+) and RB(-) samples based on procyanidin dimer B2 
concentrations, while other metabolites were not significantly different. Our results confirm 
previous studies showing that phenolic compounds in seeds are less affected by abiotic 
factors than skin and pulp/flesh (Carbonneau et al., 2015; Blancquaert, Oberholster, 
Ricardo-da-Silva, & Deloire, 2019; Girardello et al., 2019a).
In the current research, the influence of GRBV on physiological and agronomical 
behavior of vines, and on physicochemical and metabolite profiling of skin+pulp and seed 
tissues of ‘Cabernet Sauvignon’ grapes at harvest in California, was determined. No 
differences were observed on stomatal conductance of the vine leaves, in contrast to a 
previous study (Martínez-Lücher et al., 2019). Additional studies need to be carried out to 
improve our understanding of the effect of GRBD on grapevine physiology. The impacts 
observed in the skin+pulp and seed tissues of ‘Cabernet Sauvignon’ grapes are likely due to 
a combination of different factors related to GRBV, which caused alteration in ripening 
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events such as hormonal imbalances and the phenylpropanoid pathway, and impairment of 
sugar transport from leaves to berries (Blanco-Ulate et al., 2017; Girardello et al., 2019b). 
Grapes from RB(-) presented higher °Brix and were smaller than grapes from RB(+). The 
primary metabolites were strongly influenced by GRBV infection, agreeing with previous 
studies (Giradello et al., 2019a and b). However, different responses were obtained in 
different grape tissues. In skin+pulp of grapes, glucose, fructose and sucrose presented the 
highest concentrations, with higher content in RB(-) samples. However sucrose was higher 
in diseased vines, suggesting that GRBV may have an influence on invertase activity in 
seeds, reducing the formation of glucose and fructose, or other mechanisms associated with 
regulation of sugar accumulation (Coombe, 1992; Lemoine et al., 2013). As a next step, 
transcriptomics approaches can be used to determine enzyme activity in grape seeds. 
Organic acids were significantly different according to the grape tissue evaluated. Malic 
acid was higher in both tissues of diseased vines [RB(+)], while tartaric acid was higher in 
skin+pulp of healthy vines [RB(-)], with no differences in the seeds. According to the 
carboxylic acids, formic acid was higher in skin+pulp tissues of RB(-), and inversely higher 
in seeds of RB(+), similar to succinic acid. Amino acids profile presented different 
responses according to the tissue evaluated. Alanine, arginine and threonine presented 
significantly higher amounts in skin+pulp of RB(+), as well as isoleucine and tyrosine were 
higher in RB(+) seeds, while glutamine was significantly higher only in seeds of RB(-). 
This indicates that future studies should evaluate the glutamine pathway in seeds, due to the 
evidence that glutamine is a likely amino acid acting as a signal molecule regulating the 
metabolism of the N content of phloem sap, in the feedback regulation of nitrogenase 
activity (Neo and Layzell, 1997). 
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The secondary metabolites were strongly influenced by virus status, resulting in 
significant differences among grape tissues. In skin+pulp, except for hydroxycinnamic acid, 
all phenolic compounds presented higher concentrations in skins+pulp tissues of healthy 
vines. In seeds, (-)-epicatechin was higher in samples from RB(-), while procyanidin dimer 
B2 was higher in samples from RB(+). These results confirm previous studies showing an 
impact of GRBV on phenolic composition (Freitas, Glories, & Monique, 2000; Girardello 
et al., 2019a and 2019b; Martínez-Lücher et al., 2019).
This study shows and highlight that GRBD is a very important threat to the wine 
industry, as the enological potential of grapes decreases significantly resulting in economic 
losses (Sudarshana, Perry, & Fuchs, 2015). White wines made from grapes from diseased 
vines had lower ethanol content and less volatile compounds when compared to wines 
made from grapes from healthy vines (Girardello et al., 2019b). Red wines are similarly 
affected (Girardello et al., 2020). Therefore, it is important that wine producing countries 
vigorously test plant material and eliminate GRBV infected material. Furthermore, pest 
management guidelines are needed to limit the spread of GRBV in vineyards. However, the 
search for potential vectors are ongoing (Bahder, Zalom, Jayanth, & Sudarshana, 2016). 
4. Conclusion
GRBD did not influence the agronomical parameters of the grapevines studied. 
However, GRBV did have a large influence on the primary and secondary metabolites in 
skin+pulp and seed tissues of ‘Cabernet Sauvignon’ grapes at harvest. 1D 1H NMR 
spectroscopy effectively identified and quantified both primary and secondary metabolites, 
with differences observed according to the tissue evaluated. RP-HPLC-DAD was also 
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effective in identifying and quantifying secondary metabolites, and the influence of GRBD 
on metabolites in ‘Cabernet Sauvignon’ grapes was more pronounced in skin+pulp tissues 
compared to seed samples. PCA was useful to show the different compounds driving 
differences between healthy and diseased grapes depending on the analysis tool used. Both 
primary and secondary metabolites had an important impact on separating samples, 
especially in the case of skin+pulp. 
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Table and Figure Captions
Table 1: Agronomical parameters1 of leaves, grapes (20 berries), clusters, and shoots 
sampled from ‘Cabernet Sauvignon’ vines infected with grapevine red blotch virus2 at 
harvest3.
Table 2: Primary and secondary metabolites1 determined by 1D 1H NMR spectroscopy in 
skins+pulp of ‘Cabernet Sauvignon’ grapes from vines infected with grapevine red blotch 
virus2 at harvest3.
Table 3: Primary and secondary metabolites1 determined by 1D 1H NMR spectroscopy in 
seeds of ‘Cabernet Sauvignon’ grapes from vines infected with grapevine red blotch virus2 
at harvest3.
Table 4: Secondary metabolites1 determined by RP-HPLC-DAD in skins+pulp of 
‘Cabernet Sauvignon’ grapes from vines infected with grapevine red blotch virus2 at 
harvest3.
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Table 5: Secondary metabolites1 determined by RP-HPLC-DAD in seeds of ‘Cabernet 
Sauvignon’ grapes from vines infected with grapevine red blotch virus2 at harvest3.
Figure 1: Principal component analyses of primary and secondary metabolite data, 
determined by 1D 1H NMR spectroscopy in skin+pulp (A) and seed (B); RP-HPLC-DAD 
in skin+pulp (C) and seed (D) tissues of ‘Cabernet Sauvignon’ grapes at harvest, from 
vines affected by red blotch virus-RB(+) , and healthy-RB(-) ■.
Supplementary data
Table S1: PCR analysis of ten vines of ‘Cabernet Sauvignon’ leaves, confirming presence 
(+) or absence (-) of the Grapevine Red Blotch Virus-GRBV.
Figure S1: Metabolites identified and quantified in skin/pulp of ‘Cabernet Sauvignon’ at 
harvest, by 1D 1H NMR spectroscopy.
Figure S2: Metabolites identified and quantified in seeds of ‘Cabernet Sauvignon’ at 
harvest, by 1D 1H NMR spectroscopy.
Figure S3: Phenolic compounds identified and quantified by RP-HPLC-DAD at 520 nm 
(anthocyanins) in skin/pulp of ‘Cabernet Sauvignon’ at harvest. Compounds are: 1: 
delphinidin-3-glucoside; 2: cyanidin-3-glucoside; 3: petunidin-3-glucoside; 4: peonidin-3-
glucoside; 5: malvidin-3-glucoside; 6: delphinidin-3-acetylglucoside; 7: petunidin-3-
acetylglucoside; 8: peonidin-3-acetylglucoside; 9: malvidin-3-acetylglucoside; 10: 
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delphinidin-3-p-coumaroylglucoside; 11: petunidin-3-p-coumaroylglucoside; 12: peonidin-
3-p-coumaroylglucoside; 13: malvidin-3-p-coumaroylglucoside.
Figure S4: Phenolic compounds identified and quantified by RP-HPLC-DAD at 360 nm 
(flavonols) in skin/pulp of ‘Cabernet Sauvignon’ at harvest. Compounds are: 1: unknown 1; 
2: unknown 2; 3: quercetin-3-glucuronide; 4: quercetin-3-glucoside; 5: quercetin-3-
galactoside; 6: quercetin-3-rhamnoside.
Figure S5: Phenolic compounds identified and quantified by RP-HPLC-DAD at 280 nm 
(flavanols) in seeds of ‘Cabernet Sauvignon’ at harvest. Compounds are: 1: (+)-catechin; 2: 
procyanidin dimer B1; 3: (-)-epicatechin; 4: procyanidin dimer B2; 5: epicatechin gallate.
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Figure 1: Principal component analyses of primary and secondary metabolite data, 
determined by 1D 1H NMR spectroscopy in skin+pulp (A) and seed (B); RP-HPLC-DAD 
in skin+pulp (C) and seed (D) tissues of ‘Cabernet Sauvignon’ grapes at harvest, from 
vines affected by red blotch virus-RB(+) , and healthy-RB(-) ■.
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Table 1: Agronomical parameters1 of leaves, grapes (20 berries), clusters, and shoots 
sampled from ‘Cabernet Sauvignon’ vines infected with grapevine red blotch virus2 at 
harvest3.
Agronomical 
parameter
RB(+)
(n = 5)
RB(-)
(n = 5)
RMSE Significance
Stomatal 
conductance
(gs, in mmol H2O 
m−2 s−1)
257.8 154.1 142.2 ns
pH 3.44 3.43 0.05 ns
Brix 22.2 b 25.6 a 0.7 **
Total acidity
(g L-1 tartaric 
acid)
6.6 6.4 0.5 ns
Berry weight (g) 21.3 a 18.4 b 1.9 *
No. clusters 51.6 55.6 6.1 ns
Cluster weight 
(Kg vine-1)
6.4 6.9 0.9 ns
No. shoots 27.8 28.0 2.5 ns
Shoot weight (Kg 
vine-1)
1.14 1.13 0.2 ns
Yield (Kg ha-1) 13,4 14,4 2,1 ns
Ravaz Index 5.8 6.3 0.9 ns
1 Data are presented as mean, and root mean square error (RMSE) calculated. Shaded 
groups with different letters are statistically significant, where: ** = p < 0.01; * = p < 0.05, 
and ns = not significant.
2 RB(+) = grapevines infected with red blotch virus; RB(-) = healthy grapevines.
3 Harvest occurred 223 days after pruning.
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Table 2: Primary and secondary metabolites1 determined by 1D 1H NMR spectroscopy in 
skins+pulp of ‘Cabernet Sauvignon’ grapes from vines infected with grapevine red blotch 
virus2 at harvest3.
Metabolites RB(+)
(n = 5)
RB(-)
(n = 5)
RMSE Significance
Sugars
Fructose 76,109.4 b 84,317.4 a 3391.3 **
Glucose 73,497.4 b 86,159.3 a 4177.6 **
Sucrose 3,364.2 b 4,344.5 a 540.8 *
Ʃ Sugars 152,971.0 174,821.2
Organic acids
Malic 631.2 a 373.6 b 103.1 **
Tartaric 215.9 b 446.8 a 51.3 **
Ʃ Organic acids 847.1 820.4
Carboxylic acids
Formic 1.7 a 1.3 b 0.2 **
Succinic 0.8 1.1 0.5 ns
Ʃ carboxylic acids 2.5 2.4
Amino acids
Alanine 10.9 a 6.5 b 1.9 **
Arginine 10.4 a 8.6 b 1.4 *
GABA 49.9 42.5 6.9 ns
Glutamine 8.2 7.4 2.6 ns
Isoleucine 15.1 12.3 2.4 ns
Leucine 13.2 11.9 2.3 ns
Proline 1,031.8 904.7 220.2 ns
Threonine 16.6 a 13.5 b 2.4 *
Tyrosine 17.1 16.4 2.9 ns
Valine 24.3 20.5 4.4 ns
Ʃ Amino acids 1,197.5 1,044.3
Phenolics
(-)-Epicatechin 1.1 b 1.8 a 0.4 **
Gallic acid 0.8 0.9 0.4 ns
Ʃ Phenolics 1.9 2.7
Choline 18.5 17.7 1.7 ns
1 Results are expressed as mg Kg1 of skin+pulp fresh weight. Data are presented as mean, 
and root mean square error (RMSE) calculated. Shaded groups with different letters are 
statistically significant, where: ** = p < 0.01; * = p < 0.05, and ns = not significant.
2 RB(+) = grapevines infected with red blotch virus; RB(-) = healthy grapevines.
3 Harvest occurred 223 days after pruning
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Table 3: Primary and secondary metabolites1 determined by 1D 1H NMR spectroscopy in 
seeds of ‘Cabernet Sauvignon’ grapes from vines infected with grapevine red blotch virus2 
at harvest3.
Metabolites RB(+)
(n = 5)
RB(-)
(n = 5)
RMSE Significance
Sugars
Fructose 16,659.5 b 24,037.3 a 1825.0 **
Glucose 15,501.0 b 24,403.9 a 1768.2 **
Sucrose 15,326.1 a 12,287.6 b 2348.4 *
Ʃ Sugars 47,486.6 60,728.8
Organic acids
Malic 715.0 a 459.2 b 147.8 *
Tartaric 281.8 202.5 117.0 ns
Ʃ Organic acids 996.8 661.7
Carboxylic acids
Formic 11.6 b 24.1 a 9.3 *
Pyruvic 6.4 5.0 1.6 ns
Succinic 20.1 a 13.2 b 5.3 *
Ʃ Carboxylic acids 38.1 42.3
Amino acids
Alanine 67.6 82.5 45.1 ns
Arginine 12.0 15.9 5.2 ns
GABA 97.0 82.5 45.1 ns
Glutamine 22.6 b 38.8 a 5.9 **
Histidine 2.6 2.7 0.7 ns
Isoleucine 23.7 a 14.6 b 3.9 **
Leucine 34.7 31.3 10.0 ns
Phenylalanine 34.8 28.2 7.1 ns
Proline 235.3 252.0 48.8 ns
Threonine 17.3 14.4 7.2 ns
Tyrosine 32.4 a 17.3 b 4.3 **
Valine 41.2 36.0 12.0 ns
Ʃ Amino acids 621.2 616.2
Phenolics
(-)-Epicatechin 211.2 b 292.7 a 52.2 *
Gallic acid 190.3 193.3 33.9 ns
Ʃ Phenolics 401.5 486.0
Choline 31.2 a 23.4 b 3.9 *
1 Results are expressed as mg Kg1 of seeds fresh weight. Data are presented as mean, and 
root mean square error (RMSE) calculated. Shaded groups with different letters are 
statistically significant, where: ** = p < 0.01; * = p < 0.05, and ns = not significant.
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2 RB(+) = grapevines infected with red blotch virus; RB(-) = healthy grapevines.
3 Harvest occurred 223 days after pruning.
Table 4: Secondary metabolites1 determined by RP-HPLC-DAD in skins+pulp of 
‘Cabernet Sauvignon’ grapes from vines infected with grapevine red blotch virus2 at 
harvest3.
Metabolites RB(+)
(n = 5)
RB(-)
(n = 5)
RMSE Significance
Flavan-3-ols
(+)-Catechin         2.8 b 7.4 a 1.3 **
(-)-Epicatechin     19.7 b  24.5 a 3.3 *
Epigallocatechin   3.0   4.7   1.6 ns
Epicatechin gallate      2.1   2.4 0.5 ns
Ʃ Flavan-3-ols 27.6 39.0
Hydroxycinnamic 
acid
Caftaric 4.2   3.9    0.7 ns
Flavon-3-ols
Querc-galactoside 5.2   6.4   1.0 ns
Querc-3-glucoside 13.3 b  18.4 a   1.8 **
Querc-3-glucuronide 11.4  13.2   2.6 ns
Quer-3-rhamnoside   5.7   6.4   1.1 ns
Unknown 1   5.0   5.2    0.9 ns
Unknown 2  18.4  22.1   3.8 ns
Ʃ Flavon-3-ols 59.0 71.7
Anthocyanins
Delph-3-gluc  13.1 b  34.1 a   6.9 **
Cya-3-gluc      1.5 b 4.3 a   1.4 *
Pet-3-gluc 10.9 b  25.0 a   5.4 **
Peo-3-gluc 10.8 b  23.6 a   4.2 **
Malv-3-gluc 100.9 b 152.5 a  12.9 **
Delph-3-acetylgluc 4.5 b  11.7 a   2.7 **
Pet-3-acetylgluc 4.3 b  10.1 a   1.9 **
Peo-3-acetylgluc 4.0 b   6.9 a   1.2 **
Malv-3-acetylgluc 45.1 b  60.2 a   4.0 **
Delph-3-pcoumgluc 1.6 b   3.7 a    0.7 **
Pet-3-pcoumgluc 1.5   1.5    0.3 ns
Peo-3-p-coumgluc 3.1 b  3.8 a   0.5 *
Malv-3-p-coumgluc 23.4  19.9   5.4 ns
Ʃ Anthocyanins 224.7 357.3
Polymeric pigments 3.5   4.1    0.5 ns
Polymeric phenols 784.6 651.6 167.3 ns
Ʃ All phenolics 1,103.6 1,127.6
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1 Results are expressed as mg Kg1 of skin+pulp fresh weight. Data are presented as mean, 
and root mean square error (RMSE) calculated. Shaded groups with different letters are 
statistically significant, where: ** = p < 0.01; * = p < 0.05, and ns = not significant.
2 RB(+) = grapevines infected with red blotch virus; RB(-) = healthy grapevines.
3 Harvest occurred 223 days after pruning.
Table 5: Secondary metabolites1 determined by RP-HPLC-DAD in seeds of ‘Cabernet 
Sauvignon’ grapes from vines infected with grapevine red blotch virus2 at harvest3.
Metabolites RB(+)
(n = 5)
RB(-)
(n = 5)
RMSE Significance
Flavan-3-ols
(+)-Catechin         59.5 97.2 35.6 ns
Procyanidin B1 8.9 7.9 2.6 ns
(-)-Epicatechin     81.4 104.2 21.1 ns
Procyanidin B2 22.9 a 15.8 b 3.5 *
Epicatechin gallate 34.6 28.3 7.9 ns
Polymeric phenols 5,461.0 5,300.3 477.7 ns
Ʃ Phenolics 5,668.3 5,553.7
1 Results are expressed as mg Kg1 of seeds fresh weight. Data are presented as mean, and 
root mean square error (RMSE) calculated. Shaded groups with different letters are 
statistically significant, where: ** = p < 0.01; * = p < 0.05, and ns = not significant.
2 RB(+) = grapevines infected with red blotch virus; RB(-) = healthy grapevines.
3 Harvest occurred 223 days after pruning.
